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ABSTRACT: We describe the mechanism that leads to full
exfoliation and dispersion of organophilic clays when mixed
with molten hydrophilic polymers. This process is of
fundamental importance for the production of clay−polymer
nanocomposites with enhanced materials properties. The
chemically speciﬁc nature of our multiscale approach allows
us to probe how chemistry, in combination with processing
conditions, produces such materials properties at the
mesoscale and beyond. In general agreement with experimental observations, we ﬁnd that a higher grafting density of charged
quaternary ammonium surfactant ions promotes exfoliation, by a mechanism whereby the clay sheets slide transversally over one
another. We can determine the elastic properties of these nanocomposites; exfoliated and partially exfoliated morphologies lead
to substantial enhancement of the Young’s modulus, as found experimentally.
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The search for new materials with speciﬁed performanceproperties continues apace. The incentives come not only
from curiosity driven research but also from the pressure to
meet important economic and societal needs. However, the
history of innovation in materials design, and the path from
initial discovery to implementation in engineering and
manufacturing contexts, is a fraught one. Innovations frequently
take decades to make their way into commercially viable
applications. One of the central reasons for such problems
stems from the diﬃculty of moving between the promise held
out at the small (“microscopic”) scale by the entity discovered
and the behavior of such substances on larger scales appropriate
to their use in various applications. This has led to a vast
amount of larger scale engineering and manufacturing research
and development, almost all of which is conducted
experimentally in a largely trial and error fashion. Here we
describe a complementary approach, one based on a virtual
materials modeling laboratory. Rather than simply synthesizing
a great many samples of a material and testing these, we aim to
predict materials properties from “ﬁrst-principles”, that is, based
on the fundamental description of the starting ingredients in
terms of their atomic and molecular composition and structure
and the processing conditions.
This is possible through a multiscale scheme that links these
very short length (and time) scale descriptions to the larger
ones that inform materials properties. We show how our
scheme, thus far developed for the study of nanocomposite
materials, can be successfully applied to understand and predict
the behavior of exfoliating clay−polymer nanocomposites.
Within four years of their initial discovery, Toyota was making
car components from composites comprised of clay and nylon.
However, since that early work, and notwithstanding a vast
literature on the subject, the ﬁeld has failed to live up to
expectations.1 There remains a very poor level of understanding
of the mechanism of action of these materials, and no control
over the outcome of mixing arbitrary polymers with clays.2,3
Models are therefore required to understand how large-scale
dispersion of clay layers in polymers can be achieved and to
determine structure−property relationships, thereby enabling
the design of materials with desired properties. In this paper, we
provide a clear and detailed, chemically speciﬁc, explanation for
the mechanism of exfoliation of clays by suitable polymers and
why, following the dispersion of the individual clay platelets, the
resultant materials exhibit very favorable materials properties.
Our multiscale scheme uses short time scale atomistic
simulations to create interaction parameters for coarse-grained
(CG) particles that represent several atoms.4−6 For clay
polymer composites, we require a substantial number of
atomistic simulations to deﬁne all interaction potentials. These
simulations include matching to structural parameters using
Iterative Boltzmann Inversion5,7 and to free-energy proﬁles for
highly interacting CG particles8 to build up a complete set of
chemically speciﬁc CG potentials in the vicinity of clay
interfaces. For more details, see Supporting Information. This
degree of coarse-graining produces speed-ups of order of 100
times, while retaining molecular speciﬁcity,9 allowing us to
reach length and time scales approaching a hundred nanome-
ters and microseconds, respectively. Almost all atomistic studies
of clay−polymer nanocomposites have focused only on the
interlayer region between the clay layers, eﬀectively simulating
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an inﬁnite clay mineral system; such simulations give
information on the interfacial behavior at the basal surface
but do not describe the large-scale behavior (i.e., dispersion,
aggregation) of clay layers.10,11 Simulations without molecular
detail, such as self-consistent phase ﬁeld theory, provide
predictions about the thermodynamic tendency for clay layers
to exfoliate based on a mean ﬁeld approximation12−17 but,
again, they cannot describe the chemically speciﬁc nature of the
clays and polymers.18 For a comprehensive review of multiscale
modeling of polymer nanocomposites, see Zeng et al.19
In a signiﬁcant advance on our previous multiscale modeling
of pristine clays with hydrophilic polymers, which led to
intercalated clay−polymer systems,4 in this study we examine
the process of clay layer exfoliation using similar methods.
To do so, we have chosen a clay, surfactant, and polymer
combination that is known to produce at least partially
exfoliated clay layers: montmorillonite clay, a quaternary
ammonium dimethyldioctadecylammonium ionic surfactant,
which has two alkyl chains (each of length C18), and
hydrophilic poly(ethylene)-glycol (PEG) as the polymer matrix
(Figure 1).20−23 This combination has been shown exper-
imentally to produce exfoliated clay layers, as demonstrated by
the lack of peaks in X-ray diﬀractograms following melt
intercalation.24 Although PEG-clay nanocomposites are often
prepared using solution methods, melt processing is a more
industrially convenient route of preparation; our simulations
therefore take place at elevated temperatures and pressures
(500 K and 300 atm) in the absence of water.
We have simulated three models of diﬀering clay surface
charge density (through isomorphic substitution) and hence
surface density of quaternary ammonium surfactants. Each
model is comprised of 8 tactoids with each tactoid composed of
4 layers (32 layers in total). Each clay layer is of hexagonal
shape with a diameter of approximately 100 Å; in total, they
comprise approximately 2−6% of the volume of the simulation
cell, depending on whether we use the thickness of the clay
sheet (1 nm) or the initial separation between clay layers (20−
28 Å) as the thickness of the platelets. The models are listed in
Table 1. Each clay layer possesses an aspect ratio of
approximately 10.
Montmorillonite clays are often quoted as having an aspect
ratio of between 10 and 1000;25 our models are therefore at the
lower end of this distribution. Atomic force microscopy and
photocorrelation spectroscopy studies indicated that the sizes
of Na-montmorillonite clay exhibited a bimodal distribution
with wide size distributions.26 The average dimensions of the
ﬁrst population were typically 320−400 nm long/250 nm wide
and 200−250 nm long/120 nm wide for natural and synthetic
clays, respectively. The population with smaller sizes were, on
average, 65 and 50 nm long and 35 and 25 nm wide for natural
and synthetic clays, respectively. This is of the same order of
magnitude as the lateral dimensions of the clay platelets in our
simulations (10 nm), giving us conﬁdence that our models are
representative of clay layers found experimentally.
With an aspect ratio of 10 for our models, the basal clay
interactions will dominate, as will be the case for clays with
higher aspect ratios. Thus, the results we report should also be
applicable to much larger clays, such as those seen in the larger
size distribution by Cadene et al.26
Initially, the tactoids are in their aggregated state with no
polymer in the interlayer gallery. We vary the density from a
very low charge montmorillonite clay (5% of Al3+ substituted
with Mg2+, referred to as I in the remainder of this paper), via a
typical Wyoming montmorillonite (11%, referred to as II) to a
high charge density clay (17% substitution rate, referred to as
III). These correspond to an approximate cation exchange
capacity (CEC) of 0.31 (0.28 including clay edges) meq/g, 0.69
(0.62 including clay edges) meq/g, and 1.05 (0.98 including
clay edges) meq/g, respectively.
Our models were created by constructing a clay tactoid
comprising four hexagonal layers, each composed of (110),
(010), and (001) surfaces, with lateral dimensions measuring
approximately 98 Å by 104 Å. Surfactant molecules were then
added to this four clay-layer tactoid at the atomistic level, and
subsequently relaxed using atomistic molecular dynamics at 500
K, leading to the initial d-spacings listed in Table 1. The partial
charges on the edges of the clay sheet were determined through
quantum mechanical simulations.27 This tactoid was sub-
sequently coarse-grained, and 100 monomer PEG polymers,
corresponding to a molecular weight of 4372 g mol−1, were
built according to the protocol described by Suter et al.4 The
simulations are replicated in a 2 × 2 × 2 array to form an 8
tactoid (32 clay layers) initial model (see Table 1). All
simulations were performed at 500 K and at relatively high
pressure (300 atm). The lattice parameters were allowed to
vary under constant pressure and temperature conditions
(NPT) for the ﬁrst 100 ps, after which each simulation was run
with constant volume (NVT). The simulations were performed
using the LAMMPS molecular dynamics code,28,29 using a time
Figure 1. Top left: Na-montmorillonite is a layered mineral consisting
of octahedrally coordinated aluminum oxide between two silica
tetrahedral layers (the atoms are colored as followed: Al = pink, Ai =
yellow, O = red, H = white, Na = blue, C = Cyan). Top right:
exchanging the alkali ions in the interlayer for quaternary ammonium
ions expands the clay interlayer spacing and gives the clay a
hydrophobic character. Bottom: The clay layers can either remain
aggregated (immiscible), or can penetrate the clay interlayer
(intercalated), or the clay layers can fully disperse (exfoliated).
Table 1. Organo-Modiﬁed Clay: PEG Models Studied in This Paper
system substitution rate simulation cell dimensions (Å)3 num. of CG atoms/all atoms equivalent initial/intercalated d-spacing Å
I 5% 407 × 440 × 448 671200/4870912 20 Å/15−20 Å
II 11% 415 × 415 × 449 667904/4829856 25 Å/32 Å
III 17% 504 × 504 × 602 1363264/9568096 28 Å/32 Å
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step of 2 fs. To facilitate our simulations, we used our python-
based toolkit, FabMD.30 Each simulation was run for >2 μs.
Further computational details, including the procedure for
generating the materials properties, are listed in the Supporting
Information.
In all the models listed in Table 1, we observe an initial
expansion as the polymer intercalates between the clay layers
over a short time period (approximately 2 ns). The intercalated
d-spacings are shown in Table 1. Snapshots of this process are
shown in Figure 2 for model II. The PEG polymer molecules
intercalate into the gallery predominately adjacent to the clay
surface, illustrating the favorable interactions between the
hydrophilic PEG polymer molecules and the surface as
compared to that of the alkyl chains. The rapid dynamics of
polymer intercalation has been previously observed exper-
imentally by Vaia and Giannelis and is attributed to the
unhindered nature of the conﬁned polymers (there are fewer
entanglements, unlike in the bulk).31
The separation between the clay layers increases by
approximately 7 Å. This is consistent with an extra layer of
PEG molecules resident on each clay surface. In Supporting
Information Figure SI.20, we plot the density proﬁle
perpendicular to the clay surface for species within the clay
interlayer, which conﬁrms that the majority of the PEG
molecules reside on the clay surfaces while the alkyl chains of
the surfactant cation extend perpendicular to the clay layers
accompanied by clay layer expansion. Once the monolayer of
PEG molecules on the clay surface is ﬁlled, no further
expansion occurs. We can infer that at this point the enthalpic
interactions between the polymer and the clay are no longer
enough to overcome the entropy loss through polymer
conﬁnement.12 There is no further driving force for the clay
layers to expand. The low density of PEG polymer molecules in
the center of the interlayer conﬁrms that the interaction of the
PEG polymer with the nonpolar alkyl chains of the surfactant is
unfavorable, again lowering the tendency for further PEG
polymer intercalation.
For models II and III, once the fast intercalation of PEG
molecules has occurred we observe on longer time scales (>500
ns) the diﬀusion of the clay layers away from the clay platelets
to form exfoliated morphologies. We show this mechanism in
Figure 2 for model II and Figure 3 for model III. After more
than 3 μs of simulation time, the structures of our eight tactoid
models are shown for models I, II, and III in Figure 4. We see
that for model II there is a mixture of partially and totally
exfoliated clay layers while, and for model III all the clay
tactoids have exfoliated into single dispersed layers.
We ﬁnd that the mechanism for the exfoliation of the clay
layers does not involve the clay layers expanding perpendicular
to the clay surface but rather involves the layers translating
Figure 2. Snapshots from CG molecular dynamics simulations of a selected alkyl ammonium treated clay tactoid immersed in a melt of PEG
polymer. (CG clay surface = pink, charge sites = green, edge sites = yellow, surfactant ammonium group = blue, alkyl chains = red.) The PEG
polymers have been removed to aid visualization. (a) We show the organoclay model before interaction with the PEG polymer for model II. In (b),
the PEG polymer has intercalated into the clay galleries and the separation between the clay layers has increased. In (c), we observe the uppermost
two clay layers diﬀusing away from each other, eventually forming an exfoliated morphology, achieved by the upper clay layers translating in the
plane of the clay tactoid layers.
Figure 3. Snapshots from subdomains of simulations for (a) model I and (b) III after approximately 0.2 μs. We see that for the low charge system
(a), the clay tactoid stack forms a tilted conﬁguration with a large number of alkyl ammonium chains interacting with the bulk PEG polymer (not
shown). This conﬁguration appears to be stable on the time scale of our simulations. (b) For model III, the clay layers have already separated and
ultimately become fully exfoliated (see Figure 4c).
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parallel to one another, as illustrated in Figure 3. For model II,
we observe this occurring randomly for diﬀerent interlayers
within the tactoid; for example, in Figure 2 the inner-interlayer
exhibits this translational motion, while in other tactoids one of
the outer layers undergoes lateral motion and diﬀuses away.
The incomplete exfoliation of clay layers in model II may be
in part due to diﬀerent sections of the same polymer molecule
initially intercalating into either adjacent clay interlayers or
bridging between clay layers within the same interlayer.4 Where
various parts of a single PEG molecule are adsorbed on
diﬀerent clay surfaces, including diﬀerent interlayers, this serves
to resist any translational diﬀusion of the clay layers (see Figure
5). As a result, for model II we see a distribution of exfoliated
and partially exfoliated clay platelets. With much larger
platelets, it could be envisaged that the greater number of
bridging conﬁgurations within the interlayers would resulting in
full exfoliation becoming a slower process, leading to a greater
number of partially exfoliated platelets. However, for model III,
as Supporting Information Figure SI.15 demonstrates, there is
much less PEG molecule density in the center of the interlayer,
indicating that there are fewer PEG molecules bridging the
Figure 4. Snapshots from the CG molecular dynamics simulation, containing 8 tactoids (32 layers) of models (a) I, (b) II, and (c) III after
approximately 3 μs of simulation. The PEG polymer and surfactant molecules have been removed to aid visualization. (d) The radial distribution
function for the center-of-mass of the clay layers for model II (black) and model III (red) averaged over the last 10 ns of simulation, illustrating that
model III is fully dispersed.
Figure 5. An illustration of a PEG polymer (cyan) adsorbed within
two diﬀerent clay layers in adjacent clay interlayers in model II. Such
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interlayer. This is likely to be due to the combination of a
greater number of ammonium groups on the clay surface
(restricting the surface area available to the PEG molecules)
and the greater initial d-spacing. As a result, there is no
attraction between the clay layers and they exfoliate rapidly.
Experimentally, we can compare our structural observations
with commercially available Cloisite 20A, an organically
modiﬁed montmorillonite clay with dimethyl dihydrogenated
tallow quaternary ammonium surfactants (alkyl chain lengths
between C14 and C18) and a CEC of 0.95. In the work of
Loyens et al.,24 when Cloisite 20A was blended with PEG using
melt extrusion, a variety of nanostructures were found,
depending on polymer molar mass and clay volume fraction:
lower molecular mass PEG (100 000 g mol−1) at 5% clay vol.
and small clay volume fractions produced a peak in the small-
angle X-ray scattering measurements (SAXS) diﬀraction spectra
at 37 Å as well as at higher spacings. The 32 Å d-spacing we
have calculated via multiscale modeling for the intercalated
structures is therefore in good agreement with experimental
observations. In general, intercalation of PEG with molecular
weight in the range 105−106 g mol−1 in organically modiﬁed
clay composites results in reported d-spacings in the range of 34
± 4 Å.32−36 Higher molecular weight PEGs were shown to
produce exfoliated morphologies (no peaks in the SAXS
diﬀraction spectra);24 we can assume, therefore, that in the
lower molecular weight PEG models a combination of
exfoliated and intercalated morphologies are present. The
Cloisite 15A system is a similarly organically modiﬁed
montmorillonite clay but has a higher CEC of 1.25; this
provides a comparison with model III. Although no melt
processing has been reported in the literature with PEG
polymer, Hyun et al. found that using the solvent casting
method the Cloisite 15A nanocomposite showed better
dispersion via transmission electron microscopy (TEM) and
steady shear viscosity measurements, compared with the
Cloisite 20A clay system.33
In Figure 6 we show the stress−strain behavior for models II
and III, calculated at 100 K, using a strain rate of 1 × 10−8 s.
The ﬁnal snapshots of our simulations were rapidly cooled from
500 to 100 K over 4 ns to produce a quenched amorphous
system in its glassy state from which stress−strain curves were
computed. We have estimated the glass transition temperature
(Tg) from the change in the slope of the volume versus
temperature curve (see Supporting Information) to be
approximately 220 K. We wish to examine the elastic properties
in the glassy state of the composite; hence, we have chosen a
temperature well below Tg such that we can determine the
stiﬀness, as at this temperature the system will remain in a
glassy state when strained. There is no evidence that
crystallization of the PEG molecules is occurring (see
Supporting Information for more details); we can be sure
that we are observing the response of the quenched amorphous
system. We ﬁnd that the stress−strain curve for partially
exfoliated model II and totally exfoliated model III are almost
identical, even though model III has a smaller clay volume
fraction. We ﬁnd Young’s moduli of 0.284 GPa ± 0.001 and
0.266 GPa ± 0.001, respectively; this is over twice that of the
neat polymer (0.126 GPa). Our previous models of non-
intercalated clay tactoids with a pristine montmorillonite clay
immersed in PEG polymer produced a Young’s modulus of
0.137 GPa.4 Note that the calculations reported for the studies
at 100 K are not expected to be quantitatively correct, as they
employ potential parametrizations obtained at higher temper-
atures. However, the qualitative trends are expected to remain
intact, as previously found, for example, when examining the
Young’s modulus of polystyrene−silica composites.37
We observe that exfoliated morphologies signiﬁcantly
enhance the elastic properties of the composite and that even
partially exfoliated clay morphologies provide a large enhance-
ment. Ratna et al. reported a similar increase in Young’s
modulus for PEG−clay nanocomposites formed through
solution casting, which increased from approximately 0.1 GPa
for pure PEG to 0.14 GPa for composites containing 2.5% clay
and to 0.25 GPa for those containing 5% clay.34 The absolute
values, although reasonably close, can not be compared due to
the qualitative nature of the CG potentials at 100 K and the
solution casting method used experimentally. The enhance-
ment of the Young’s modulus of a factor of approximately 2
compared to the bulk polymer is also comparable to a 1.74
factor for the longitudinal stiﬀness, E11, for composites ﬁlled
with unidirectional disklike particles using the Halpin−Tsai
micromechanical model38 (see Supporting Information for
details).
To summarize, we have shown how organically treated clays
promote exfoliation and report the ﬁrst ever multiscale
modeling and simulation study that captures the full process,
from the melt intercalation of suitable polymers into such
organophilic clays, to the dispersion of individual clay platelets
within the polymer matrix. At such longer time scales, we can
compute the materials properties of the resultant nano-
composite and ﬁnd that it exhibits substantially enhanced
mechanical properties compared to the properties of its
component parts. The predictions of our models are in
generally good agreement with experimental observations. In
the future, we will investigate the role of processing on
materials properties, such as shearing and extensional ﬂow,
which are of particular importance in the context of
hydrophobic polymers, for example, polystyrene.39 Moreover,
our multiscale methods are at a very early stage of development
and many improvements to their quantitative capabilities can
be expected in the future, as well as their transferability between
diﬀerent thermodynamic states. We anticipate that with
forthcoming progress in both experimental observations and
computational methods the latter will evolve into a powerful
tool that will be able to guide materials property prediction
Figure 6. Stress−strain curves for uniaxial compression and extension
of our organoclay models II (black) and III (blue). The neat PEG
polymer stress−strain curve is also shown (red). We calculate elastic
properties (the Young’s modulus) from the gradient of the stress−
strain curve. The starting conﬁgurations for these simulations are the
ﬁnal simulation snapshots shown in Figure 4, cooled down to 100 K.
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.nano-
lett.5b03547.
The tabulated coarse-grained potentials used in this
study are available at http://ccs.chem.ucl.ac.uk/. Deriva-
tion of coarse-grained interaction potentials, discussion
of the clay structures used in this study, the intercalated
density proﬁles and the software management toolkit
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